One of the most important breakthroughs in the history of genetics was the discovery that mutations can be induced (Muller, 1930; Stadler, 1932) . The high frequency with which ionizing radiation and certain chemicals can cause genes to mutate made it possible to perform genetic studies that were not feasible when only spontaneous mutations were available. As a result, much of our understanding of genetics of higher organisms is based upon studies utilizing induced mutations for analyzing gene function. Alkylating agents, which yield predominantly point mutations, have been especially valuable, since the resulting altered and truncated protein products help to precisely map gene and protein function. Because of the high mutational density and the great utility of point mutations, traditional chemical mutagenesis methods have continued to be popular in phenotypic screens despite the development of other mutagenic tools such as transposon mobilization (Bingham et al., 1981) .
With the recent expansion of sequence databanks, locus-to-phenotype reverse genetic strategies have become an increasingly popular alternative to phenotypic screens for functional analysis. Sequence information alone may be sufficient to consider a gene to be of interest, because sequence comparison tools that detect protein sequence similarity to previously studied genes often allow a related function to be inferred. Hypotheses concerning gene function that are generated in this way must be confirmed empirically. Experimental determination of gene function is desirable in other situations as well, for example, when a genetic interval has been associated with a phenotype of interest. In such cases, the functions of genes in an interval can be inferred by using reverse genetic methods. Routine reverse genetics (Scherer and Davis, 1979) has been an important factor in the popularity of baker's yeast over the past two decades, and the RNAi technique (Fire et al., 1998) now provides Caenorhabditis elegans investigators with a routine knockout method that has enjoyed huge popularity over the past year (Sharp, 1999) . In most other eukaryotes, however, the situation remains unsatisfactory.
In plants, the two most common methods for producing reduction-of-function mutations are antisense RNA suppression (Schuch, 1991; de Lange et al., 1995; Hamilton et al., 1995; Finnegan et al., 1996) and insertional mutagenesis (Altmann et al., 1995; Smith et al., 1996; Azpiroz-Leehan and Feldmann, 1997; Long and Coupland, 1998; Martienssen, 1998; Pereira and Aarts, 1998; van Houwelingen et al., 1998; Speulman et al., 1999) . However, antisense RNA suppression requires considerable effort for any given target gene before knowing whether it will work, and insertional mutagenesis occurs at a low frequency per genome. There is current interest in RNAi-related suppression (Waterhouse et al., 1998) . However, its efficacy is not yet clear; for example, epigenetic phenotypes can be variegated and unpredictable (Que and Jorgensen, 1998) . Because these techniques rely either on Agrobacterium T-DNA vectors for transmission or on an endogenous tagging system, their usefulness as general reverse genetics methods is limited to very few plant species. Moreover, these techniques produce a very limited range of allele types. Therefore, as the amount of sequence data grows for Arabidopsis and other organisms, it is important to develop genome-scale reverse genetic strategies that are automated, broadly applicable, and capable of creating the wide range of mutant alleles that is needed for functional analysis.
We have introduced a new reverse genetic strategy that combines the high density of point mutations provided by traditional chemical mutagenesis with rapid mutational screening to discover induced lesions (McCallum et al., 2000) . TILLING (Targeting Induced Local Lesions IN Genomes) combines chemical mutagenesis (Koornneef et al., 1982) with a sensitive mutation detection instrument. In a pilot experiment, DNA from a collection of EMS-mutagenized Arabidopsis plants was pooled, subjected to PCR amplification, and screened for mutations using denaturing HPLC (DHPLC). DHPLC detects mismatches in heteroduplexes created by melting and annealing of heteroallelic DNA. Among the lesions detected were base transitions causing missense and nonsense changes that can be used for phenotypic analyses.
TILLING is suitable for any organism that can be heavily mutagenized, even those that lack genetic tools. Starting with a homozygous population is desirable, because DHPLC will detect polymorphisms. Nevertheless, this strategy can be applied to species and hybrids that cannot be practically homozygosed: we and others have detected rare polymorphisms in a heteroallelic background using DHPLC (C.M. McCallum and S. Henikoff, unpublished data; N. Suter and E. Ostrander, personal communication). The general applicability of TILLING makes it appropriate for genetic modification of crops, and there may be agricultural interest in producing phenotypic variants without introducing foreign DNA of any type into a plant's genome.
The strategy is illustrated in Figure 1 . The steps are: (a) EMS mutagenesis (Redei and Koncz, 1992; Feldmann et al., 1994; Lightner and Caspar, 1998) ; (b) DNA preparation and pooling of individuals; (c) PCR amplification of a region of interest; (d) denaturation and annealing to allow formation of heteroduplexes; (e) DHPLC, where the presence of a heteroduplex in a pool is detected as an extra peak in the chromatogram; (f) identification of the mutant individual; and (g) sequencing of the mutant PCR product.
An advantage of TILLING is that the likelihood of recovering a deleterious mutation can be calculated in advance. A calculation is possible, since EMS produces primarily C/G to T/A transitions (Ashburner, 1990) . For example, 20 of 23 LEAFY EMS-generated mutations are from C to T, resulting in C/G to T/A transitions (http://www.salk.edu/LABS/pbio-w/ lfyseq.html). The probability of discovering deleterious alleles can be maximized by judicious choice of the region to be TILLed (Fig. 2) . Furthermore, by choosing coding regions that are evolutionarily conserved, it becomes more likely that missense mutations with detrimental effects on gene function will be obtained. Splice junction mutations are also potentially deleterious.
Although TILLING minimizes the effort required to find mutations, ascertaining the resulting phenotype requires further work. Chemical mutagenesis introduces background mutations that can make phenotypic analysis uncertain, and multiple generations of outcrossing may be desirable. However, a rapid strategy is available if two independent deleterious lesions are found: the two individuals can be crossed and their progeny genotyped by DHPLC. A phenotype attributable to the two non-complementing mutations will be found in every heteroallelic individual, whereas non-complementing background mutations will assort independently.
TILLING is appropriate for both small-and largescale screening, because the high density of mutations requires relatively few individual plants. Even for genome-wide TILLING, our pilot screen data suggest to us that a collection of 10,000 reference Arabidopsis plants will suffice for obtaining the desired mutations from just a single primer pair per gene. By using multiple primer pairs to scan a gene of average size (or larger), fewer plants are needed. For example, fewer than 1,000 plants were used in our pilot study. With our current protocol, operation of a single DHPLC machine is expected to discover at least one knockout lesion per amplified gene in 1 to 2 weeks (1,000-2,000 runs, yielding 10-20 lesions, of which 5% will be stop codons). Thus, TILLING is an attractive strategy for a small research group.
TILLING might also be envisioned on a large scale. Unlike clone-based reverse genetic methods, TILL-ING utilizes rapidly advancing technology (such as DHPLC) that is being developed for high-throughput polymorphism detection. Even with current technology, it should be possible to increase the size of pools over what was used in our pilot project by sacrificing some level of sensitivity, which only marginally reduces throughput. Another way to increase throughput is to use higher doses of EMS than was used in the pilot screen (Koornneef et al., 1982; Sega, 1984; Schy and Plewa, 1989) , and we estimate that this would double the rate of mutation.
Most steps of TILLING are suitable for automation. The choice of PCR amplicon can be automated (for high-throughput) and streamlined for interactive use (by users requesting genes for TILLING). By assigning a score to regions of target genes based on the likelihood of obtaining desirable mutations (Fig. 2) , genes and gene regions can be rank-ordered, and the ranks can be used for primer selection. Data analysis can also be automated. Two classes of data are generated: DHPLC chromatograms and sequence traces. Software for reading chromatograms does not yet exist; however, software for reading sequence traces from heterozygotes is available (Nickerson et al., 1997) .
DHPLC is only one of the promising technologies being developed for polymorphism discovery that can be applied to TILLING. One possible future di- Scientific Correspondence rection is the use of mismatch repair enzymology to detect heteroduplexes, one example being the CEL I endonuclease from celery (Oleykowski et al., 1998) . CEL I recognizes a mismatch and cleaves exactly at the 3Ј side of the mismatch. Cutting by CEL I followed by denaturing gel electrophoresis can pinpoint the precise base position of a mismatch. Once the location of a mismatch is determined, the base change can be inferred, since EMS produces mainly C/G to T/A transition mutations. Therefore, the CEL I assay would not only limit the need for sequencing during discovery, but would also reduce the amount of effort required to identify the individuals that have the desirable mutations. Another direction is to increase sample pooling to exploit continuing improvements in the detection and resolution of rare DNA molecules within mixtures. Improved detection methods include those that utilize capillary electrophoresis: constant denaturant capillary electrophoresis and single-stranded conformational polymorphism (Larsen et al., 1999; Li-Sucholeiki et al., 1999; Nataraj et al., 1999) . Capillary electrophoresis has been successfully exploited for high-throughput DNA sequencing (Kheterpal and Mathies, 1999) , and we anticipate its adaptation for high-throughput polymorphism detection.
We are currently establishing a collection of approximately 10,000 mutagenized reference M2 Arabidopsis plants for large-scale TILLING, which could become a community-wide resource. We envision that someone interested in using a TILLING resource will be seeking mutations in a sequenced gene of interest. This greatly simplifies the task of database maintenance, because all that is needed to find mutations is to perform a similarity search using the sequence of interest to query the database of mutant sequences. The mutation itself will be easily pinpointed as (presumably) the only non-matching alignment pair. Reference plants will be made available from the Arabidopsis Biological Resource Center (Ohio State University, Columbus).
Plants are especially well suited to our strategy, because they can be self-fertilized and seeds can be easily stored. This does not mean that TILLING is just for plants: mouse ES cells can be mutagenized with EMS and stored frozen (Schimenti and Bucan, 1998) and so development of strategies for plants might prove to facilitate high-throughput technology for mammalian systems, which counters the perception that plant biotechnology borrows from animal systems. Arabidopsis is the obvious choice for the prototypic implementation of highthroughput TILLING, because it is the only plant species with a nearly complete gene sequence database. The greatest utility of TILLING might be for crop and other model plants such as rice and Medicago truncatula, which are currently being subjected to large-scale genome and cDNA analyses. Sequence data provided by these efforts provide fodder for TILLING, a reverse genetic strategy that does not require advanced genetic tools. Optimal amplicon selection for deleterious mutation discovery. a, Graphical representation of the relative susceptibility of each 500-bp amplicon to C/G to T/A transitions causing a deleterious mutation in the Arabidopsis CMT3 gene. Exons are indicated as shaded boxes above the plot. Each point on the plot is the sum of scores calculated for a 500-bp amplicon window centered at that residue. A residue susceptible to a nonsense change scored ϩ6, to a missense change scored 0, to a silent change scored Ϫ1, and to a splice junction mutation scored ϩ4. The scoring system is based on the potential overall frequency of these changes in genes of Arabidopsis. Bar delimits region analyzed in b. b, Sites that are susceptible to the C/G to T/A transition mutations are indicated under the DNA sequence for the amplicon. Each amino acid of the coding sequence is indicated above its codon. The consequence for each mutation is indicated below. Letters indicate a missense change, ϭ indicates a silent
